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bstract
he study of the spark plasma sintering (SPS) of ZrCx and ZrCx–ZrB2 composites was carried out considering the effect of experimental parameters
uch as the applied load, the temperature and the heating time. In addition, the role of the main impurities, detected in the raw materials, on the
intering behaviour has been explored by Transmission Electron Microscopy (TEM). The analyses of monoliths and composites showed up the
iquid phase formation from silica impurities and the complete structural reorganisation of free carbon into the graphite form during the sintering
reatment. It is also shown that within composites, the plastic strain is preferentially accommodated by ZrB2 crystals.
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. Introduction
Zirconium carbide is a well-known rock salt structure mate-
ial deficient in carbon (ZrCx: 0.6 < x < 1).1 It belongs to the
lass of ultra high temperature ceramics (UHTCs) due to its
igh melting point (TF ≈ 3400 ◦C). Moreover, zirconium car-
ide displays promising properties including thermomechanical
roperties, neutron transparency and good thermal and elec-
rical conductivities. Consequently, it is a potential candidate
or a variety of high temperature structural applications such
s engines, furnace elements, cutting tools, nuclear fuel sup-
orts or melting crucibles for metal alloys.2,3 Nevertheless, this
aterial is also characterized by its poor sinterability, mainly
ue to its covalent bonding characteristics and its high melting
oint.In this context, the sintering of ZrCx-based materials is
sually performed by coupling high sintering temperature
T > 2200–2300 ◦C) and uniaxial (HP) or isostatic pressing
∗ Corresponding author. Tel.: +33 5 55 45 74 94; fax: +33 5 55 45 72 70.
E-mail address: gilles.trolliard@unilim.fr (G. Trolliard).
p
a
a
w
g
i
oi:10.1016/j.jeurceramsoc.2007.07.013arbon
HIP), in order to get fully dense material without using sinter-
ng aids. As an example, the hot isostatic pressing of the ZrC0.93
ompound, for 2 h at 1900 ◦C under a 200 MPa pressure, leads
o an average density of 98.2%.4
New sintering techniques are now required to improve the
ensification kinetics of zirconium carbide based ceramics.
park plasma sintering (SPS) is one of the best ways to den-
ify poorly sinterable materials. Indeed, several authors4 have
ighlighted the ability of this technique both to achieve quickly
ensification at lower temperatures and to control grain growth
inetics. For example, they obtained a 98% densification rate
or ZrC0.93 after 5 min at 1800 ◦C under a 50 MPa uniaxial
oad. The most probable assumption invoked to explain the effi-
iency of SPS process is that the spark discharges would induce
n increase of mass-transfer by evaporation or melting on the
article surface.5
The application area of zirconium carbide is limited under
ir due to its low oxidation resistance. At high temperature
nd under air, the ZrCx compound easily turns into zirconia
hich then forms a discontinuous external layer on the carbide
rains.6 It is also shown that ZrCx–ZrB2 composites offer further
mprovement of oxidation resistance below 1200 ◦C. Indeed,
Table 1
Element content furnished by supplier in the starting zirconium carbide and diboride powders
Content (wt.%) Element
Carbon Aluminium Iron Hafnium Silicon
Found Theoreticala
ZrCx
( TM
11.87 11.64
0.01 0.0008 0.003 Unknown
Z 0
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scanned angles (2θ) was 20◦–130◦ with a step of 0.02◦ and
an exposure time of 8 s. The X-ray diffraction patterns were
obtained using powders issued from the sintered pellets crushed
at liquid nitrogen temperature in an agate mortar.CERAC ) Free carbon δ = 0.23
rB2 (CERACTM)
a For C/Zr = 1.
uch ceramics are protected by a liquid boria film which sur-
ounds the zirconia crystals.7
In this work, ZrCx monoliths and ZrCx–ZrB2 composites
ave been manufactured using the SPS process. This study
ocuses on the determination of the sintering behaviour of the
ifferent ZrCx–ZrB2 composites. In particular, TEM observa-
ions make it possible to discuss the role during the sintering
f free carbon and silica-based impurities present in the start-
ng powders. The mechanism of plastic strain for ZrCx–ZrB2
omposites is also discussed.
. Experimental
.1. Characteristics of raw powders
The zirconium carbide powder was provided by CERACTM
purity: 99.5%). The chemical analysis of the initial powders
as been reported in Table 1. Under the hypothesis of the for-
ation of stoichiometric zirconium carbide (ZrC1), it appears
hat the commercial powder might contain a carbon excess of
t least 0.23 wt.% (see Table 1). This observation probably sug-
ests the presence of a significant amount of free carbon within
he zirconium carbide powder. As well, the zirconium diboride
owder was provided by CERACTM (purity: 99.5%) and its main
mpurities have been given in Table 1.
The grain size distribution of the starting powders was deter-
ined by laser granulometry after dispersion in ethanol (CILAS
064 liquid apparatus). Specific areas were measured using BET
ethod thanks to a ASAP 2000 apparatus.
.2. SPS process
The samples elaborated were the ZrCx monolith, the
rCx–ZrB2 eutectic (ZrCx: 43 mol% and ZrB2: 57 mol%) and
wo composites with intermediate compositions (Table 2). The
nitial powders were mixed up in an agate mortar in expected
roportions then dispersed using both an petroleum–ether sol-
ent (provided by Riedel de Hae¨n, “extra pure” quality-boiling
emperature 40–65 ◦C-CAS[64742-49-0]) and ultrasonic pulses.
he solvent was then evaporated under vacuum.
The samples were sintered under vacuum by SPS technique
sing a Sumitomo 2080 apparatus (PNF2 CNRS platform avail-
ble in the University of Toulouse in France). The mix was
ntroduced in a 20 mm internal diameter graphite matrix die
hich was previously lined with a 0.75 mm thick graphitized
F
m.05 0.02 <0.006 0.07
aper. The powders were pre-compacted (applied load of ≈1 T)
efore introduction inside the SPS device.
The temperature was measured using a digital pyrometer
ocused on the graphite matrix. The shrinkage of the sample was
etermined from the piston displacement. The powders were sin-
ered under vacuum (6 < P(Pa) < 14) using the following thermal
reatment (Fig. 1):
A degassing treatment performed at 600 ◦C for 5 min: 3 min
under limited applied load (20 MPa) and 2 min under increas-
ing load up to 40 or 100 MPa.
A heating up to 1950 ◦C at 100 ◦C min−1 under applied load
(40 or 100 MPa), dwelling time 5 or 10 min, then cooling down
to room temperature.
After sintering, the densities of ZrCx monoliths and
rCx–ZrB2 composites have been determined by using the
rchimedes’ method.
.3. Characterization of the sintered samples
X-ray diffraction (XRD) studies for sintered samples were
one thanks to a D5000 Siemens diffractometer equipped with
copper anticathode and backward monochromator. Range ofig. 1. Thermomechanical cycle applied during the SPS treatment of the ZrCx
onoliths and the ZrCx–ZrB2 composites.
Table 2
Starting compositions of the different ZrCx–ZrB2 composites
Monolith Composites
ZrCx ZrCx–ZrB2 ZrCx–ZrB2 ZrCx–ZrB2
Z 73 43
Z 27 57
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issued from both the specific area value (BET) and the laser gran-
ulometry experiments confirm the presence of the agglomerates
(Table 3). Finally, TEM observations showed that the carbide
crystals are almost free from dislocations.
T
M
Z
ZrCx (mol%) 100 89
rB2 (mol%) 0 11
The morphological observations were performed by scanning
lectron microscopy (SEM) using a Philips XL 30 apparatus
hile transmission electron microscopy (TEM) characteriza-
ions were carried out with a JEOL 2010 microscope operating
t 200 kV. The thin sections for TEM observations were pre-
ared by cutting thin slices with a diamond wire (2 mm × 2 mm
ection). These slices were then ground, dimpled and finally
hinned to perforation by Ar-milling with a 4 kV acceleration
oltage (Gatan PIPS 692 apparatus).
. Results and discussions
The presence of free carbon as well as the occurrence of
arious impurities within the starting powders is supposed to
nfluence the sintering mechanism8,9: the free carbon particles
ould have an inhibiting effect on the growth of zirconium car-
ide grains.8 This blocking action would depend both on the
umber and size of the carbon inclusions present at the grain
oundary. In addition, it is well known that free carbon could
eriously influence the final stoichiometry (x) of the zirconium
arbide (ZrCx) by decreasing the concentration of carbon vacan-
ies. This effect slows down the lattice carbon diffusion which
lays the role of the rate limiting step during the densification
rocess.8,9
In the same way, the grain size distribution of the raw pow-
ers represents a major parameter which strongly controls the
icrostructure of the sintered samples. So, the first part of this
aper deals with the characterization of the starting powders
sed to elaborate the ZrCx–ZrB2 composites.
.1. Characterization of the starting powders
.1.1. Zirconium carbide powder
The XRD pattern for the zirconium carbide powder is
eported in Fig. 2 and was indexed with the 035-0784 JCPDS
le.10 From the simulation of the X-ray diffraction profiles by
eans of TOPAS software,11 the zirconium carbide cell param-
ter (a = 0.4699 ± 0.0001 nm) was refined using the CELREF
oftware.12 This made it possible to determine the carbon stoi-
hiometry of the carbide phase, i.e. ZrC0.94.13
F
l
able 3
ean grain size of the raw non-oxide ceramic powders
Mean grain size (Φm)
From specific area (BET)
rCx 1.17m
rB2 1.42mig. 2. X-ray diffraction pattern of the starting zirconium carbide powder.
The powder morphological characteristics determined from
he present study have been summarized in Table 3. The grain
ize distribution, reported in Fig. 3, shows a wide and bimodal
istribution. SEM and TEM observations (Fig. 4a and b) reveal
he presence of grain size heterogeneities. Most of the crystals
ave an average size ranging from 0.5 to 5m, in agreement
ith the data furnished by the supplier (Φm ≈ 3.14m, Table 3).
his powder also contains bulky agglomerates of 10–20m in
ize. Moreover, the discrepancy between the average grain sizeig. 3. Grain size distribution of the raw powders characterized by laser granu-
ometry.
Supplier Laser granulometry
3.14m 7.15m
3.42m 5.27m
Fig. 4. SEM (a) and TEM (b) observations of the starting zirconium carbide powder.
Fig. 5. TEM observations of turbostratic carbon balls. (a and b) General overview (a) and related electron diffraction pattern (b). (c and d) High resolution image of
the framed zone showing rolling up of the carbon turbostratic planes (c) and its typical diffraction diagram (d).
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FThe free carbon consisted of typical turbostratic carbon14
alls of a few hundred nanometers size (Fig. 5). Higher magni-
cation image reveals that such carbon spherical nodules are
n fact formed by (0 0 1) plans of carbon, rolled up around
he centre of the particle (Fig. 5c and d). In addition to the
ree carbon, amorphous silica nodules were also evidenced
Fig. 4b).
.1.2. Zirconium diboride powder
Cell parameter refinement was conducted thanks to the
OPAS and CELREF softwares.11,12 The values so-obtained,
.e. a = b = 0.3170 ± 0.0001 nm and c = 0.3531 ± 0.0001 nm are
n agreement with the 034-0423 JCPDS file.15
Otherwise, the morphological characteristics of the zirco-
ium diboride powder are similar to those of the zirconium
arbide. This powder shows a wide and bimodal grain size distri-
ution (Fig. 3) leading to an average grain size close to 5.27m.
he specific area obtained by BET method gives a 1.42m grain
ize value meaning the agglomeration of the starting zirconium
iboride powder. This fact is well shown by SEM observations
Fig. 6a): some large sized crystals of a few microns seem to be
verlapped by smaller crystallites of a few hundred nanometers.
inally, it should be noted that the zirconium diboride crystals
re mostly free from dislocations (Fig. 6b).
ig. 6. SEM (a) and TEM (b) observations of the starting diboride powder.
Fig. 7. Sintering behaviour of ZrCx monoliths and ZrCx–ZrB2 composites.
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ma) Shrinkage evolution versus temperature during the SPS process under a
00 MPa applied load. (b) Relative density values for different SPS treatments
nd ZrCx–ZrB2 composites.
The two starting powders keep very similar microstructural
haracteristics. This result would be probably favourable to con-
rol well the microstructure transformation of the ZrCx–ZrB2
omposites during the SPS experiments.
.2. The spark plasma sintering of ZrCx–ZrB2 compositesFig. 7 presents the whole of the results dealing with the den-
ification behaviour of both ZrCx monoliths and ZrCx–ZrB2
omposites. In the case of the ZrCx monoliths, an applied load of
ig. 8. TEM observation showing the different inclusions present in the ZrCx
onoliths samples.
Table 4
Temperature of the shrinkage beginning values for different ZrCx–ZrB2 composites under anisothermal conditions (heating rate = 100 ◦C min−1) and an applied load
of 100 MPa
C –ZrB
T
4
a
(
d
w
w
e
t
f
T
t
a
w
t
m
I
F
i
c
r
e
d
b
z
I
s
p
t
n
t
p
c
womposite composition (molar fraction of ZrB2) ZrCx ZrCx
emperature of the shrinkage beginning (◦C) 1620 1525
0 MPa leads to a relative density slightly less than 92%, while
densification level better than 96% is achieved under 100 MPa
Fig. 7b). In the following, only the results concerning highly
ense ceramics will be presented, i.e. experiments conducted
ith an applied load of 100 MPa.
In Fig. 7a, the shrinkage reported as a function of temperature
as computed from the piston displacement, taking the thermal
xpansion of the graphite mould into account. The tempera-
ures of the beginning of shrinkage (here called TS), determined
rom the experimental curves (Fig. 7a), have been reported in
able 4. These TS values were determined by the location of
he intercept point of the two tangents to the shrinkage curve
t the inflexion point vicinity. The TS values are in accordance
ith those expected from the literature, considering that the sin-
ering temperature must be at least equal to 0.65–0.7 times the
elting point of the transition metal carbide (TF ≈ 3400 ◦C).16
t can be observed that TS decreases with increasing zirconium
ig. 9. TEM observation of intragranular inclusion. (a) Overview of the faceted
ntragranular inclusion. (b) Electron diffraction pattern of the nanocrystallized
ompounds. (c) Energy dispersive spectrometry analysis showing the occur-
ence of silica. (d) High resolution image showing the presence of nanocrystals
mbedded within the silica rich vitreous phase.
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r2 (11 mol%) ZrCx–ZrB2 (27 mol%) ZrCx–ZrB2 (57 mol%)
1530 1430
iboride content in composite samples. This evolution could
e explained by taking into account the lower melting point of
irconium diboride (TF ≈ 3040 ◦C) compared to that of ZrCx.
n these conditions, the lowest temperature of the beginning of
hrinkage (i.e. 1430 ◦C) must be reached for the eutectic com-
osition (57 mol% of ZrB2)17 confirming the previous data in
he literature.18
Whatever the ceramic composition, the using of SPS tech-
ique leads to high densification levels; around 98% of the
heoretical value for the composites and slightly less (96%) for
ure zirconium carbide (Fig. 7b). In fact, the densest sample
orresponds to the composite with 11 mol% of ZrB2 (Fig. 7b)
hereas the eutectic composition (57 mol% of ZrB2) displays aower relative density value. This result is in agreement with the
orks of Kim and Shim18 who attributed this non-densifying
rocess to a preferential evaporation of zirconium diboride
bove 1800 ◦C under SPS conditions.
ig. 10. TEM observation of graphite in the sintered monoliths pellets of ZrCx
reated 10 min under 100 MPa at 1950 ◦C. (a) Micrograph of a graphite inter-
ranular inclusion and its diffraction diagram. (b) X-ray diffraction pattern of
he crushed zirconium carbide sintered sample showing the (0 0 2) graphite
eflection.
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Fig. 11. TEM observation of ZrCx–ZrB2 composites treated 10 min under
100 MPa at 1950 ◦C. (a) Overview showing the sample microstructure. (b and
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f.3. Microstructural study of the sintered samples
.3.1. Identification of secondary phases
From TEM observations, of sintered zirconium carbide
ZrCx) samples, numerous intergranular and intragranular inclu-
ions have been detected (Fig. 8).
The intragranular inclusions (Fig. 9a) are filled with
anocrystals (Fig. 9b) embedded within an amorphous phase
ontaining silica (Fig. 9c). The facets located around these inclu-
ions can be indexed from the crystal planes of the ZrCx phase
Fig. 9a). This result suggests that a dissolution process of zir-
onium carbide grains occurred during the sintering via the
iquid phase. This phenomenon leads to the reprecipitation of
anocrystals (Fig. 9d) which adopt a face centred cubic lattice.
he indexation of the selected area electron diffraction (SAED)
attern indicates that those nanocrystals can correspond either to
he cubic zirconia phase or to a zirconium oxycarbide compound
ZrxCyOz).19
The occurrence of the silica-based liquid phase probably
esulted from the impurities present in the raw carbide powder.
uring the SPS treatment, the melting of silica may have induced
he formation of an intergranular liquid film. Then small pock-
ts of liquid were trapped during the zirconium carbide grain
rowth.
Intergranular inclusions were usually detected under the form
f rods located at the grain boundaries (Fig. 10a). Electron
iffraction pattern (Fig. 10a) shows that they consist of the
raphite variety of carbon. In Fig. 10a, two (0 0 1) disorientated
raphite lamellae are parallel to the zirconium grain bound-
ry. These intergranular inclusions result from the structural
volution of the turbostratic free carbon detected in the start-
ng carbide powder (Fig. 5). Thus, a graphitization process
eems to occur during the SPS treatment as already reported
n the literature.20 The presence of graphite phase is also evi-
enced from X-ray diffraction patterns of sintered ceramics
Fig. 10b). The cell parameter refinement of the carbide phase
eads to a parameter value very close to that of the initial powder
a = 0.4699 ± 0.0001 nm) and, consequently, it was possible to
onclude that there was no change in carbide phase composition
uring the sintering despite the presence of free carbon within
he raw powders.
Finally, it is worth to note that the same characteristics for
ntergranular and intragranular inclusions have been observed
or both zirconium carbide monoliths and ZrCx–ZrB2 com-
osites. Such intergranular inclusions would slow down the
rain boundary motion inducing a blocking strain by a pinning
ike effect as already noticed during previous studies about the
ressure-less sintering of non-oxide ceramics.8
.3.2. Thermomechanical behaviour of composites
TEM observations of composites (Fig. 11) show that crystals
sually present high dislocation densities. Nevertheless, the dis-
ocation concentration appeared very heterogeneous (Fig. 11a);
ome crystals being characterized by a high amount of disloca-
ions (Fig. 11b and c) while others were almost free from defects.
his behaviour is probably related to the crystal orientation com-
ared to the main direction of the uniaxial load applied during the
s
c
a
a) Enlargement showing the contrasted distribution of dislocations within ZrB2
b) and ZrCx (c). The occurrence of dislocation walls in ZrCx is indicated by
rrows.
PS treatment, i.e. the respective orientation of the dislocation
lide planes with stress.
The ZrCx crystals usually display a high density of disloca-
ions which typically form linear dislocations walls as shown
y arrows in Fig. 11c. This phenomenon proves the appear-
nce of a hardening process occurring by dislocation pinning
uring the sintering. So, the zirconium carbide could be consid-
red as the less ductile phase in comparison with the zirconium
iboride phase. Consequently, the zirconium diboride phase
ould preferentially accommodate the plastic strain during the
PS process. This difference of thermomechanical behaviour
f zirconium diboride and carbide phases has been previously
uggested in the literature.21
. Conclusions and perspectives
The experiments of SPS undertaken during this study on dif-
erent ZrCx–ZrB2 composites make it possible to establish the
uitable conditions to get highly dense pieces. So, this study
learly shows that a SPS treatment at 1950 ◦C for 10 min under
100 MPa pressure is sufficient to reach the highest values of rel-
tive density (approximately 98%). The ZrB2 addition favours
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met by spark plasma sintering. Trans. Nonferr. Met. Soc. China, 2004, 14,he densification kinetics of composites. As an example, the
emperature of the shrinkage beginning (around 1620 ◦C for
rCx) is shifted towards 1430 ◦C when the eutectic composition
s reached. Nevertheless, a non-densifying effect is encountered
or the eutectic composition due to the preferential volatilisation
f ZrB2 at high temperature.
TEM characterizations of starting powders indicate the
resence of free carbon under its turbostratic form together
ith silica. Thanks to the SPS treatment, a graphitization
henomenon occurs that leads to the formation of graphite
nclusions at the zirconium carbide or zirconium diboride grain
oundaries. These inclusions may slow down the grain bound-
ry motion inducing a blocking strain by a pinning like effect.
n addition, the existence of intragranular inclusions probably
esults from liquid phase formation issued from the oxide-based
mpurities in the raw materials.
The observation of the dislocation distribution in sintered
amples shows up the presence of a structural hardening for
rCx together with a preferential accommodation of the plastic
train by the ZrB2 phase.
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